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SUMMARY 


The object of this experiment was to determine 
the amount of cooling obtained by air cooling a gas tur- 
bine blade with slotted cooling air exits, and placed in 
a flow of hot exhaust gas froma jet burner. The blade 
was an experimental construction such that both internal 
cooling and external cooling (from a boundary layer) 


would result from the cooling air flow. 


This test was inspired by previous work in the 

field of gas turbines in which it has been shown that 

an increase in efficiency is to be gained at higher oper- 
ating temperatures. Since motals in present use cannot 
withstand these temperatures and no new metals or high 
strength ceramics are in immediate prospect, the trend 

of endeavour has been toward methods of cooling present 
blading in order to be able to obtain these desirable 


high inlet temperatures. 


The results of this experiment show that for 
operating temperatures from about 900” F. to 16009 Pa, 
food cooling can be obtained with the configuration used 


and with relatively low cooling air flow. Using an air 





flow equivalent to about 2% of burner inlet air ina 

J-33 jet engine, an average blade temperature reduction 

of 4209 F. to 620? F. could be expected for the above 

gas temperatures respectively. The internal cooling vras 
found to be the most effective, however, the boundary 
layer was seen to be effective near exit from the blade 
slot and increasingly effective with increased air flow. 

A trailing edge slotted air exit was found to be effec- 
tive in reducing trailing edge temperature. Overall 
cooling effectiveness was found to increase with increased 


gas temperature. 


This test was done in the Hain Engines Labora- 
tory of the Mechanical Engineering Department at the 


University of Minnesota, Minneapolis, Minnesota. 





INTRODUCTION 


A review of the theory of gas turbines shows 
that the efficiency of such engines is proportional to 
turbine inlet temperatures. Consequently, by increasing 
the inlet temperature of the turbine, a very desirable 
increase in specific output anc decreaso in specific fuel 
consumption can be realized. For a specific engine this 
can only be realized, however, by a corresponding increase 
in pressure ratios and R.P.M. In any case it has been 
found hizhly advantageous to find means for increasing 
gas temperature to the turbine without causing serious 
damage to the blading. ‘With present blading materials, 
me b ea πο τος to aroma 10]  F. adiiftocn. 
higher temperatures have been realized by use of impulse 
staging and other special means. Since ro now high temper- 
ature metals or high strength ceramics are in immediate 
prospect, the present line of research has been toward 
methods of turbine blade cooling. Besides permitting 
higher inlet temperatures, blade cooling could improve 
blade life and, for present inlet temperatures, allow use 
of less strategic or expensive metals for their fabrica- 


tion. 





It is felt that air cooling of turbine blades 
is the most feasable method of cooling since an unlimited 
supply of cooling medium is constantly at hand. From 
previous — and analyses, it has been shovin that 
losses introduced by use of roasonable amounts of oon- 
pressor air for cooling are more than compensated for by 
increased turbine performance (Ref. 1). In some tests 
this has amounted to 8 or more of total inlet air to 


the compressor. 


Two tests conducted at the University of Minne- 
sota (Ref. 2 and 3) deal with the cooling of gas turbino 
blades by means of forming a boundary layer of cool air 
along the blade surface. Air supplied to a passage in- 
side the blade is ejected through rows of holes in the 
surface to form the boundary layer. Results of both tests 
showed that film cooling was most effective near the cool- 


ing holes and that the trailing edge of the blade was 


hardest to cool. 


Other methods of blade cooling which have been 
tried are water cooling by natural convection (Ref. 4), 


sweat cooling (Ref. 5), and ceramic sleeve cooling (Ref. 6). 





Tests have been conducted by the NACA to determine the 
effects of heat on blades and the critical areas which 
require cooling or temperature reduction. In the fore- 
going tests it was determined that at high temperatures, 
the leading edge of the blades developed small cracks 
which lead to ultimate failure. Stress measurements at 
high temperature revealed that the critical area of the 
blade was approximately at one third the distance from 


root to tip (Ref. 7). 


The basis of this experiment is the use of air 
under pressure to cool a gas turbine blade with several 
internal air passages leading to slotted exits. The air 
thus provides a degree of internal cooling which has been 
found effective (Ref. 1) and upon oxit from a leading 
edge slot forms a boundary layer of air between the blade 
and the hot gases. in this manner it was hoped to im- 
prove upon previous cooling methods and to determine a 
comparison betweon boundary layor cooling and internal 


cooling. 





TEST EQUIPMENT 


A schematic diagram of test equipment is shown 
iad Pig. l. Fig.'s 2, 5, 4, and 5 are photographs of var- 


ious parts of the equipment used. 


The test blade (Fig. 3 and 6) was constructed 
of mild steel. Three holes wore drilled the length of 
the blade as cooling air passages and joined internally 
at the blade tip. Slots .Ol inches wide were milled 
lengthwise near the leading and trailing edges and into 
two of the air passages. The forward slot was constructed 
in such a manner that cooling air would exit along and 
parallel to the surface of the blade. The rear slot 
split the trailing edge to insure cooling air to this | 
thin critical area. Thus air entering the center passaçe 
would flow to the outer passages and thence out tho slots 
(Fig. 6). Holes were drilled along the root periphery at 
points 1-7 as indicated in the blade sketch. Seven thermo- 
couples were placed in these holes to a depth of a little 
over one third distance from blade root to tip. These 


thermocouples were used to measure the blade temperature 


and were connected to a Brown Recording Potentiometer. 





Two additional blades were constructed to the 
same shape but without cooling arrangements. Theso were 
placed in the test section to form a cascade with the 
test blade in the center. Thermocouples were placed 
Similarly in the leading edge of these two blades in 
order to determine whether or not a temperature varia- 


tion existed across the flow of hot gases. 


The test section was constructed of mild steel 
to fit the three blades evenly spaced in cascade. A suit- 
able adapter was made to permit removal of the test blade 
(Fig.'s 2 and 3). The curve seen in the test section por- 
mits the flow of hot gases to be turned uniformly with 
the blading. The curved walls are made to inside and out- 
side blade contours simulating the inside and outside sur- 
faces of two more blades in the cascade. Suitable ducting 
from tho test section leads to burner and exhaust. A 
total head pressure tube, static tube, and a shielded 
thermocouple were placed 43 inches upstream from the blad- 
ing to measure pressures and temperature necessary for 


flow measurenent. 


llot exhaust gases for the test section were sup- 





plied by a J33-A-17 Allison Jet Engine burner. The ex- 
haust of this burner was connected directly to the test 
seotion. A spark ignited acetylene flame was used to 


start tho burner diesel fuel spray. (Fig. 5) 


Air for the burner was supplied by a 7.48-1 

gear ratio centrifugal compressor from an Allison V-1710 
aircraft engine. This compressor was operated by a direct 
drive from a Lycoming 0-435-T air cooled light tank engine 
rated at 162 H.P. at 2800 R.P.M. A six inch square odged 
orifice was placed in the compressor intake line to meas- 
ure burner air flow. Pressure differential across the 
orifice was measured by a water manometer at the control 
panel. <A thermocouple at the inlet measured inlet air 


temperature. (Fig. 5) 


Cooling air for the blade was obtained from a 
compressed air line in the test cell. This air was piped 
through a Type SA-25 Fischer and Porter Flowrator which 
determined the flow rate of cooling air. Pressure and 
temperature gauges were placed in the line to obtain data 


necessary for converting readings to weisht flow. 


Diesel fuel to the burner was supplied by an 





electrically driven aircraft fuel pump and weight [low 
was determined by a Type 5A-60 fuel flowrator placed in 


the line. 


To ventilate the test cell a large exhaust fan 
run by a 20 H.P. Westinghouse electric motor was used. 
Since the capacity of this ventilating system was enough 
to change the air in the cell several times a minute, 
the burner exhaust gases were released inside the room 


near the blower inlet. 


The control panel outside the test cell contained 
all engine instruments, pressure gauges, temperature selec- 
tor and recorder, manometers, etc. necessary for measuring 
all items of interest as well as all engine and burner 


controls. (Fig. 4) 


electrioally driven aircraft fuel pump and weight flow 
was determined by a Type 5A-60 fuel flowrator placed in 


the line. 


To ventilate the test cell a large exhaust fan 
run by a 20 H.P. Westinghouse electric motor was used. 
Since the capacity of this ventilating system was enough 
to change the air in the coll several times a minute, 
the burner exhaust gases were released inside the room 


near the blower inlet. 


The control panel outside the test cell contained 
all engine instruments, pressure gauges, temperature selec- 
tor and recorder, manometors, etc. necessary for measuring 
all items of interest as well as all engine and burner 


controls. (Fig. 4) 
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PROCEDURE 


Before starting the jet burner the engine and 
compressor were thoroughly warmed until oil temperatures 
read above 120% F, The burner was then started by ignit- 
'ing the acetylene jet at about 1000 engine R.P.M. and 
then cutting in the fuel. A rise in temperature of gases 
was noted upon igniting the acetylene which served as a 
good safety check. The fuel pump was then turned on and 
fuel pressure built up by the fuel control. A further 
rise in temperature was noted when the fuel ignited. From 
here on the engine R.P.L. and fuel pressure were increased 
simultaneously up to about 90% enzine rated R.P.M. and 
the desired temperature. Acetylene gas was turned off 
when gas temperature exceeded 600° P. as measured on the 
shielded thermocouple. It was found that by keeping en- 
gine R.P.]i. constant, the, desired range of temperatures 


for testing could be obtained by varying the fuol flow. 


Readings were made of all instruments at tem- 
peratures of 800, 1000, 1200, and 1400 decrees Farenheit 
as moasured on the shielded thermocouple placed in the 


flow of gases. These readings are tabulated in Table I. 





Equations and methods of reducing data are given in the 


section “Formulas and Sample Computations” of this report. 
= . 


Results of data reduction are shown in Table II. 











O o- 


RESULTS AND DISCUSSION 


Upon inspection of the test data it is seen 
that several of the blade temperatures are in excess of 
what should have been the total temperature of the pases 
as measured by the shielded thermocouple. This could be 
partly due to a variation in temperature of the gases 
across the test section since the thermocouple was rela- 
tively close to the top. Lowever, in all probability tho 
inaocuracy is due to a faulty thermocouple or to a poor 
method of shielding. In any case, the evaluation of the 
exact gas temperature is not necessary to the objectives 
of this report. The temperature, however, serves as a 
good reference and is indicated throughout the following 


pages as reference temperaturo, Tp. 


Results are shown graphically in Fig.'s 8 through 
18. By examination of the first set of curves (Fig.'s 8 to 
11) it is seen that the temperaturo at the leading edge 
(station 1) of the blade is in general much higher than 
at other stations and the air cooling less effective. 
This was predicted since the thermocouple hole was construc- 


ted so close to the leading edge that it almost broke 





ur 


through. This leaves only a very thin piece of metal to 
conduct heat away from the point, It is also seen that 
station 1 is more remote from cooling air than the other 
stations and should have a hirher temperature. At no 
cooling air flow it is quite possible that this thermo- 
couple gives a good approximation of the gas total temper- 


ature. 


Fig. 7 serves as a check on consistency and ro- 
producibility of results. liere is plotted the various 
station temperatures for each run at no cooling air flow. 
Tho plotted points are connected by straight lines since 
& curve through them would be meaningless. It is seen 
that the general shape so formed is consistent for each 
test as compared with the others except for station 3 at 
the higher reference temperature. This run was checked 
at a slightly lower gas temperature and the same general 
pattern was repeated as shown. Station 8 in one of the 
uncooled blades seems to vary from station 9 in the other, 
ai a slight variation of gas temperature across 


the section. 


Fig.'s 8-11 definitely show tho boundary layer 





MA 


of cooling air to be effective at station 2. ‘iowever, as 
cooling air flow decreases to about 0.4 lb/min the effec- 
tiveness of the boundary layer Gecreases. This is prob- 
ably not as nearly due to the breaking up of the boundary 
layer at the lower air flow as it is due to the cooling 
air reaching a higher temperature before reaching station 
2. This is probably er, the reason why station 8 TE 
ently recoives no benefit from the boundary layer as seen 


by comparing it with station 6 and 7. 


otations 6 and 7 which have no boundary layer 
show that the internal cooling is quite effective and d 
parently evenly distributed to all stations except 1. 
The results at stations 4 and 5 indicate that the trail- 


ing odge slot is very effeotive. 


Fig.'s 12417 indicate little @ifference in the 
amount of blade cooling for fas Bone temperatures of 
800 and 1000” F. It appears that cooling effectiveness 
may reach a minimum at about 1000” F. and becone s lightly 


unstable at lower temperatures. 


Highest temperature reduction was 510° F. at 


station 2 with maximum air flow. 
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These results may be approximately compared with 
an actual jet engine assumed to be operating at the same 
air flow and pas temperatures per burner. Since a J-33 
jet burner was used for this test the comparison here will 


be for that engine. 


Ihe J-35 engine has 54 blados supplied by 14 
burners each blade having approximately 15 square inches 
of area. This makes 5.86 blades per burner. of about 58 
square inches of area to be cooled per burner. The area 
of the test blade is 35.8 square inches. Maximum cooling 
air flow amounted to .71% of burner air flow for tho test. 
By comparing this with the J-55 engine we would have to use 


8 
E x <7 2 1.2% 


of burner air to obtain equivalent cooling at the same 
operating conditions. If 2% of burner air were to be 
available for cooling it would be necessary to use about 
1.59 1b/min in this test to obtain the equivalent data. 
Since limitations of test instruments prevented using 

this amount of cooling air, the equivalent amount of cooling 
can only be approximated. Fig. 18 shows a plot of averaze 


blade cooling for each gas temperature. Assuming an ap- 


us = 


proximately linear rolation for higher air flows, the 
upper and lower curves are extended to a cooling air flow 
of 1.59 lb/min. Here it is seen that the average blade 
cooling vould lie approximately in the range of from 420 
to 620 °F, and would correspond to 2% of burner air flow 
for the J-3 engine operating at the conditions of the 


teste 


The above comparison is of course approximate 
since scale effects would have to be taken into considera- 


tion in a more accurate comparison. 


From Ref. (11) we can compare two geometrically 
similar blades from the eguations below: 


α 5 h a(t, - ξο) 


75 
h, E (2 
ο L A 
li, (2 
La Αρ 
875 
or al a Άι ATI 
92 22) at 


For the areas of 15 and 33.8 square inthes assuming 





and for heat flow per unit area the large blade would 

2 wo Ae 
have .0295 BTU/hr in“ and the smaller .0324 BTU/hr in“. 
In other words, slightly more cooling would be expected 
from a smaller geometrically similar blade. Therefore, 
for the J-33 blades it is probable that the cooling tem- 
peratures obtained on a straight area ratio are less 
than actual, assuming actual results to apree fairly 


closely to those of a soometrically similar blade. 
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CONCLUSIONS AND RECOMMENDATIONS 


From this analysis the following conclusions 


were reached; 


(1) This method of blade cooling gave relative- 
ly good overall cooling in a range of gas temperatures 
from about 9009 F, to 1600? F. By using .71% of burner 
air for cooling, it was found that average temperature 
reduction ranged from 275° F. to 400° F. for lowest and 
highest gas temporatures respectively. To cool all the 
blades in a J-33 jet engine by this method, an equivalent 
amount of burner air of about 1.2% would have to be used 


in order to obtain about the samo cooling. 


(2) Rosults were extrapolated for the average 
condition and approximately compared with the J-33 jet 
engine running at the sane conditions with tho same cool- 
ing arrangement and using 2% of burner air for cooling. 
It was found that for the same gas temperature range, 
average temperature reduction could be expected to be 


from 4209 FP. to 620? F. 


(5) The test blade leading edge was found to 





PJ 


have minimum oooling, being farther fron cooling air than 


other points of measurement on the blade. 


(4) The boundary layer cooling was found to 
have its greatest effect at the higher cooling air flows 
and was effective apparently for only a short distance 


along the blade surface (less than one inch). 


(5) The greater part of the temperature reduc- 
tion is attributed to internal coolins. However, this 
could have reduced the effectiveness of the boundary layer 
Since cooling air was undoubtedly ejected from the slots 


at fairly hich temperature. 


(6) The trailing edge slot was found to be 


very effective in reducing the trailing edge temperature. 


(7) Cooling effectiveness (tenperature reduc- 
tion) for the same cooling air flow was noted to increase 


with gas temperature. 


In the event of further experiment or use of 
this test blade, it is recommended that a more suitable 
method of ras temperature measurement than the shielded 


thermocouple be used, that the blade leading edge be cut 





modification be applied to cool it better, 


that further measurement of tho boundary layer ef- 


fectiveness be made with partioular note to ths tempera- 


ture of the cooling air ejectod from the slot. 











SË - 
FORMULAS AND SANPLE COMPUTATIONS 


l. Reduction of cooling air data to find weicht flow 
of cooling air. Flowrator calibrated at 14.7 psia and 


1009 F, 
i Pa)? 
W, € ‚437 Bi 
À Eu (T,)2 


(see Ref. 8) 


2. Computation of Mach Number (Ref. 9) 


Since static pressure and total pressure were 
read on manometers attached to the test section, mach 
number can be determined from the one dimensional com- 
pressible flow equation: 

r-1 


P.a (arol ο 
P. 2 





3. Burner air flow (Ref. 10) 
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NOMENCLATURE 


pressure differential across burner 
inlet orifice (inches of water) 


Mach Number 

test section static pressure (inches Hg.) 
cooling air pressure (psia) 

test section total pressure (inches Hg.) 
volume flow of cooling air (£t%/min) 

test blade temperatures (F.) 


leading edge temperatures of uncooled 
blades (°F.) 


burner inlet air temperature (.) 
cooling air temperature (°F.) 

gas reference temperature (°F.) 
weight flow of cooling air (1b/min) 
weight flow of fuel (lb/hr) 


weight flow of burner air (lb/hr) 
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